There are four major sumoylation-site Lys residues in sumoylated proteins, which includes p53 and c-jun, is Cdc3, one in Cdc11, and two in Sep7, all within the growing rapidly, suggesting that sumoylation may be a consensus sequence (IVL)KX(ED) (Johnson and Blobel, widespread mechanism for controlling protein activity. 1999), which is also found at SUMO attachment sites SUMO is 18% identical to ubiquitin (Ub), a highly conin mammalian proteins. A mutant lacking all these Lys served, 76 residue protein that targets proteins for proresidues accumulates septin rings from previous cell teasome-dependent proteolysis, participates in endocycles, but it grows well, indicating that the cell cycle cytosis, and serves several other functions (Hershko and arrests in SUMO conjugation mutants do not arise from Ciechanover, 1998). Ub usually becomes attached to a deficiency in septin sumoylation. SUMO attachment its substrates via an isopeptide bond between the C to septins is intricately regulated, occurring only on the terminus of Ub and the ⑀-amino group of an internal Lys mother cell side of the bud neck and exclusively during residue in the substrate. Proteins to be degraded by the mitosis, with conjugates appearing shortly before anaproteasome are linked to a multiubiquitin chain, in which phase onset and disappearing suddenly at cytokinesis. successive copies of Ub are attached to an internal Lys The SUMO and Ub conjugation pathways are distinct in the previous Ub in the chain. SUMO is also attached but share multiple similarities. Ub conjugation is carried to substrates at internal Lys residues, but it does not out in three enzymatic steps, catalyzed by a Ub-activattarget proteins for proteasome-dependent proteolysis.
E2s (Desterro et al., 1997; Johnson and Blobel, 1997).
ine RING domains ‫%83ف(‬ identity to the BRCA1 RING), but which lacks two of the absolutely conserved cysteThere are also specific proteases that cleave SUMOine residues involved in Zn 2ϩ chelation. There is also substrate isopeptide bonds, which are encoded by the significant similarity between the Sizs and PIASs outside yeast ULP1 and ULP2/SMT4 genes (Li and Hochstrasthe RING-related domain ‫%52ف(‬ identity over ‫004ف‬ resiser, 1999, 2000; Schwienhorst et al., 2000) . UBA2, AOS1, dues), extending through most of the N-terminal region UBC9, and ULP1 are all essential genes, and conditional of Siz1 and Siz2. The PIAS proteins contain an "SXS" alleles display cell cycle defects. motif, which promotes binding to SUMO in the yeast The mechanism of regulation of SUMO conjugation 2-hybrid assay (Minty et al., 2000) , and the Sizs contain has not been described for any substrate. In the Ub a related motif at a similar position. The Sizs and most pathway, E3s provide substrate specificity, and it is the PIASs also contain regions that conform to the conseninteraction between the substrate and the E3 that is sus sequence for the SAP domain, a motif implicated regulated. Ubiquitylation E3s do not form a single family in chromatin organization ( conditions, the only notable effect was that the siz1⌬ We were interested in identifying proteins responsible siz2⌬ strain showed reduced plating efficiency, most for substrate specificity and regulation in septin sumostrikingly at lower temperatures ( Figure 2A ). Its plating ylation, and found Siz1, which plays an E3-like role in efficiency was 51% at 37ЊC, 15% at 30ЊC, and 8% at the SUMO pathway.
20ЊC, compared to 86%, 81%, and 76% for wt. With this exception and taking into account the consistent growth Results defect in the double mutant, none of these strains were hypersensitive to either high or low temperatures, to SIZ1 and SIZ2 Are Required for Most SUMO DNA damaging agents (UV light or methyl methane sulConjugation in Yeast fonate), to hydroxyurea, to caffeine, or to the microtuTo identify additional proteins involved in septin sumobule destabilizing drug thiabendazole (not shown). They ylation, we examined known septin interacting proteins. mated efficiently, and the single mutants sporulated with One candidate, called Nfi1 (neck filament interacting) the same efficiency as wt to produce viable segregants; had been found in a 2-hybrid screen with CDC12 and the double mutant was not tested for sporulation (not contained a region resembling a RING domain. NFI1 has shown). an arrest or prolonged delay in a subpopulation, we dazole-arrested cells. The siz1⌬ strain also contained examined cell cycle progression in ␣-factor synchrodramatically reduced levels of SUMO conjugates in lognized cultures ( Figure 2C ). After 3 hr in ␣-factor, the vast arithmically growing cells. The remaining conjugates majority of wt cells arrested in G 1 . Sixty minutes after were mostly SIZ2-dependent, as deletion of both SIZ1 release from ␣-factor arrest, almost all of these cells and SIZ2 resulted in further reduction of SUMO conjugahad completed DNA replication. At this point, ␣-factor tion. However, siz1⌬ siz2⌬ cells did contain low levels was readded to prevent a second cell cycle. By 90 min, of SUMO conjugates, indicating that not all yeast SUMO many cells had undergone cytokinesis, and over the conjugation is SIZ1 and SIZ2 dependent. plete mitosis and undergo further cell divisions. Thus, of abnormal cells, and other very small but visible colonies containing a few hundred enlarged, inviable cells some siz1⌬ siz2⌬ cells proceed through the cell cycle at wild-type rates, while others enter a prolonged delay (Figure 2A ). This pattern of growth, along with the plating efficiency data, suggested that certain cells contained or arrest. Another indication of the heterogeneity of siz1⌬ siz2⌬ cells was that the colonies formed at 20ЊC a heritable defect such that if they were grown at 20ЊC, their lineage would grow for a while, but ultimately die varied dramatically, with some nearly wt-sized colonies containing mostly normal-looking cells but with sectors out; whereas if they were grown at 36ЊC, the defect would be repaired and the lineage would continue. One possible source of such an effect could be a defect in telomere maintenance, as is seen in S. pombe SUMO mutants (Tanaka et al., 1999). However, telomeres in the siz1⌬ siz2⌬ strain were the same length as in wt cells (not shown).
We have previously observed that cells lacking the SUMO attachment sites on their septins accumulate remnants of septin rings from previous cell divisions (Johnson and Blobel, 1999). However, we were unable to observe old septin rings in siz1⌬ cells by immunofluorescence microscopy against either HA-tagged Cdc3 or Cdc11. The cdc3 attachment site mutant is also synthetically lethal with a cdc12-1 mutant, while the siz1⌬ cdc12-1 strain was viable. These results suggest that the Lys to Arg mutations at the SUMO attachment sites in the septins also affect some process other than SUMO conjugation.
Cell Cycle-Dependent Bud Neck Localization and Phosphorylation of Siz1
To determine Siz1's subcellular localization, Siz1 was C-terminally tagged with enhanced green fluorescence protein (GFP). This fusion was functional and restored septin sumoylation in a siz1⌬ strain. Siz1-GFP localized both to the bud neck and to the nucleus, where its distribution was somewhat punctate ( Figure 3A ). Bud neck localized Siz1-GFP was observed exclusively in Ubc9 or sumoylated septins, as it was still present in a ubc9-Pro69Ser mutant at the nonpermissive temperature, where the mutant Ubc9 protein is rapidly degraded phosphorylated ( Figure 4B ). Thus, Siz1 phosphorylation coincided with the period during the cell cycle when Siz1 (Betting and Seufert, 1996) and SUMO-septin conjugates disappeared ( Figure 3C ). localized to the bud neck and when septin sumoylation takes place. To ask whether Siz1 is posttranslationally modified during the cell cycle, the genomic copy of SIZ1 was tagged with the influenza virus hemagglutinin (HA) epi-
Reconstitution of Septin Sumoylation In Vitro
To determine whether Siz1 plays a direct role in SUMO tope tag (Field et al., 1988) . The HA-tagged version was functional, and septin sumoylation took place as in wt.
conjugation, we reconstituted septin sumoylation in vitro using purified proteins. This task was complicated When these cells were arrested with nocodazole, Siz1 shifted quantitatively into a higher molecular weight by the facts that crude yeast lysate did not conjugate SUMO to septins and that Siz1 stimulation of sumoylaform, while cells arrested in late anaphase/telophase by a ts mutation in the mitotic exit gene CDC15 contained tion was inhibited by very low concentrations of the nonionic detergent Triton X-100 or by buffering concenapproximately equal amounts of the lower and higher forms of Siz1 ( Figure 4A ). Treatment of Siz1 isolated trations of Tris. The in vitro reaction was originally established using E. coli-produced SUMO, Uba2/Aos1 (E1), from nocodazole-arrested cells with lambda protein phosphatase shifted the higher form into the lower, indiand Ubc9 (E2), but with tagged septins affinity purified from log phase yeast and tagged Siz1 overexpressed cating that the higher molecular weight species was carrier. Furthermore, formation of any SUMO conjugates depended strongly on inclusion of septins as substrates (Figure 6 ). However, when 10-fold more E1 and E2 were present, substantial septin sumoylation occurred in the absence of Siz1 ( Figure 5A ). Adding Siz1 greatly increased SUMO conjugation under these conditions as well, as almost all of the vast excess of SUMO was incorporated into higher molecular weight species (Figures 5A and 6) . Surprisingly, Siz1's effect did not depend on its phosphorylation, as recombinant Siz1 isolated from E. coli had a similar effect. Noting the limits of this semiquantitative assay, recombinant Siz1 appeared to be approximately equally active as the yeast-expressed phosphorylated Siz1 ( Figure 5A ).
To prove definitively that no uncharacterized yeast proteins copurifying with the septins were affecting this reaction, it would have been preferable to replace the yeast septins with recombinant septins. Cdc3, Cdc10, Cdc11, and Cdc12 were produced in E. coli, but the weak E1-and E2-induced sumoylation of recombinant Cdc3 and Cdc11 was not stimulated by Siz1, even when the other septins were included in the reaction (not shown). Possible explanations are that these did not assemble correctly into the multimer capable of poly- formed, which was probably an adduct of SUMO and Ubc9. Addition of recombinant Siz1 to these reactions stimulated formation of the higher molecular weight in and affinity purified from nocodazole-arrested yeast forms, especially in the presence of high E1 and E2, ( Figure 4C ). This Siz1 was quantitatively phosphorylated where virtually all of the SUMO was incorporated into ( Figure 4B ). We had previously determined that no prohigher molecular weight species, even when no septins teins copurified in stoichiometric quantities with tagged were present. me-SUMO dramatically reduced formaSiz1 expressed from its own promoter, indicating that tion of these species: the major low molecular weight it is not part of a stable complex (not shown). Ubc9 does bands that are likely to be di-SUMO, tri-SUMO, etc. were bind Siz1 in vitro ( Figure 4D ), but was probably removed completely eliminated, and only a small fraction of the in the wash in this experiment. methylated SUMO was incorporated into high molecular With lower concentrations of E1 and E2 in the reaction, weight conjugates. However, there were many high moconjugation of SUMO to both Cdc3 and Cdc11 was lecular weight species in these reactions that could not strongly dependent on addition of Siz1, and increasing be explained. Addition of me-SUMO to the septin reacthe concentration of Siz1 increased the proportion of tions also eliminated the extremely high molecular the septins that were sumoylated ( Figure 5A ). SUMO weight forms of Cdc3 and Cdc11 ( Figure 5B ). Cdc3 apconjugation took place primarily on the major in vivo peared to have approximately 4-7 copies of SUMO attachment site Lys residues in Cdc3 and Cdc11 ( Figure  attached , close to the genuine number of SUMO attach-5B), and was specific for genuine SUMO substrates, as ment sites on Cdc3; Cdc11 also showed lower molecular weight conjugates, although many of these were much Cdc12 was not modified, nor was BSA present as a rectly. Siz1 showed septin-dependent localization to the bud neck, and this localization coincided exactly with the timing and location of SUMO attachment. Siz1 also Discussion showed the genetic hallmark of an E3 with respect to substrate specificity: it was required for sumoylation of Based on our results, we propose that Siz1 plays a role analogous to that of E3s in the Ub pathway. "E3s" are some substrates (the septins), but not of others (the 45 kDa Siz2-dependent conjugate). We were unable to defined as having three characteristics: they bind the substrate (either directly or indirectly); they bind the E2; demonstrate direct binding between Siz1 and the septin complex, in part because neither purified septins nor and, most importantly, they stimulate transfer of Ub from the E2-Ub thiolester intermediate to an amide bond with purified Siz1 was stable enough in solution to be used in the soluble phase. However, the in vivo interaction either the substrate or with another Ub moiety (Hershko and Ciechanover, 1998). Siz1 did bind the E2 Ubc9, and between Siz1 and the septins is likely to involve other factors, acting either positively or negatively, as Siz1 it also clearly met this third criterion, as it stimulated transfer of SUMO both to septins and to SUMO itself.
localized preferentially only to one side of the bud neck, some Ub E2s can attach Ub to other proteins in vitro in the absence of E3s, and some are also capable of E3-independent formation of Ub chains with branch sites at specific Lys residues (Chen et al., 1991). Thus, this difference between the SUMO and Ub pathways appears to be more in the degree of specificity provided by the E2 rather than a fundamental difference in E2 activity. Siz1 would only differ fundamentally from Ub E3s if Ubc9 provided all the substrate specificity, leaving Siz1 to stimulate transfer of SUMO to any substrate selected by Ubc9. This seems unlikely, as Siz1's localization to the bud neck is independent of Ubc9 and as Siz1 stimulates SUMO attachment to some, not all, substrates in vivo. The observation that Siz1 localized to the mother cell side of the bud neck exclusively during mitosis, coinciding with the place and time that septins are sumoylated, suggested that Siz1 may participate in the cell cycle and mother-bud regulation of this modification. One Another issue is whether chains of SUMO, analogous 7, and 9 are the same as in Figure 5A, lanes 1, 2, 7, 8, and The phenotype of the siz1⌬ mutant was consistent was quantitatively phosphorylated (not shown). This with that of the mutant lacking sumoylation sites on the may be because another enzyme of the SUMO pathway septins, insofar as both grew well and had few obvious was limiting, because overexpressed Siz1 formed agphenotypes. The siz2⌬ strain was also without striking gregates, or it could be because some other factor limits phenotypes, but the siz1⌬ siz2⌬ strain grew poorly, sugthe amount of Siz1 that localizes at the bud neck. Many gesting that SIZ1 and SIZ2 act redundantly with regard proteins show septin-dependent bud neck localization, to the substrate(s) involved in the growth defect. A resome only to one side or the other of the bud neck, cent paper states that the siz1⌬ siz2⌬ mutant is inviable and one of these could either prevent or promote Siz1 gests Ubc9 may carry out E3-independent sumoylation. specific for the correct sumoylation sites. In contrast, However, in yeast, the majority of SUMO conjugation no consensus attachment sites have been identified for required SIZ1 or SIZ2, and dependence on other factors ubiquitylation, which can often take place on any one is likely to be common in vivo in other organisms as of a number of Lys residues in the substrate. There is well. The sequence similarity between the Sizs and proalso no evidence that Ub E2s engage in E3-independent teins of the PIAS family suggests that this whole family may be involved in SUMO conjugation. The PIAS probinding or ubiquitylation of substrates in vivo. However, bound for 2 hr in batch to Ni-NTA agarose, washed with buffer B plus 0.2% Triton X-100, followed by buffer B, and eluted in buffer Construction details available on request.
S. cerevisiae strains used are listed in Table 1 . All strains are B containing 200 mM imidazole. Phosphorylated Siz1-His 6 -FLAG was purified from EJY325 cells derivatives of JD51 (Dohmen et al., 1995) except for YWO102, derived from DF5 (Seufert et al., 1995) , and EJY333, which was made containing p424GAL-Siz1-HF, that were grown to A 600 Ϸ 0.8 in SD Ϫ Trp containing 2% raffinose, harvested, resuspended to A 600 Ϸ 0.8 from the W303-derived (Thomas and Rothstein, 1989) ade3 mutant strains W1536-5B and W1536-8B, generous gifts of Dr. Rodney in YPR, and incubated at 30ЊC for 1 hr before addition of 15 g/ml nocodazole, followed by incubation at 30ЊC for 2 hr. Galactose was Rothstein. Strains were constructed as described (Johnson and Blobel, 1999). Construction details and oligonucleotide sequences then added to 2% and incubation continued for 3 hr. Cells were harvested and Siz1-HF isolated exactly as the septins except that are available on request. The HA epitope-containing sequence on CDC3 and SIZ1 encodes the C-terminal extension GYPYDVPDYthe wash of the anti-FLAG column with RIPA buffer plus 0.1% SDS was omitted, and that 0.1 mM ZnCl 2 was included in Ni-NTA column AAFL. The FLAG and His 8 -containing sequence on Cdc12 (CDC12-HF) is the same as on Siz1-HF. The FLAG sequence on Cdc12 in steps and in elution buffer. Recombinant Siz1-HF was expressed approximately as SUMO, Ubc9, and Uba2/Aos1 except using BL21 EJY334 and EJY335 encodes DYKDDDDK.
CodonPlus ( , 1999) . Antibodies were an affinitytion; cell debris was pelleted, and supernatant was diluted 10-fold
